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that reflect only the meteorological uncertainty and produces post-processed ensemble traces that reflect both the meteorological and hydrologic uncertainties. A combination of probability matching and regression, the procedure is simple, parsimonious and robust. For a critical evaluation of the procedure, independent validation is carried out for five basins of the Juniata River in Pennsylvania, USA, under a very stringent setting.
15
The results indicate that the post-processor is fully capable of producing ensemble traces that are unbiased in the mean and in the probabilistic sense. Due primarily to the uncertainties in the cumulative probability distributions (CDF) of observed and simulated flows, however, the unbiasedness may be compromised to a varying degree in real world situations. It is also shown, however, that the uncertainties in the CDF's do not significantly diminish the value of post-processed ensemble traces for decision making, and that probabilistic prediction based on post-processed ensemble traces significantly improves the value of single-value prediction at all ranges of flow.
Introduction
To account for uncertainties in the future meteorological boundary conditions of Quan- EGU fully the complementarity between the automatic algorithms and human forecasters. Also, most of the existing operational forecast systems such as the National Weather Service River Forecast System (NWS 2000) currently lack the hardware and software infrastructure necessary to implement many of the basic components of an ensemble prediction system. For these reasons, the transition to full-blown ensemble prediction 5 is expected to occur incrementally over time. It is also expected that, even if all basic components of hydrologic ensemble prediction are put into operation, there will always remain a level of hydrologic uncertainty of mixed origin that is not fully represented due to less than complete source-by-source accounting of uncertainties. As such, it is expected that statistical procedures such as the one described in this work will always be 10 necessary to account for the residual hydrologic uncertainty and hence to render the probabilistic products as reliable and skillful as possible. It must also be pointed out that, if all major sources of hydrologic uncertainties are properly addressed by the basic components in the ensemble prediction system, the residual uncertainty should largely be statistically structureless. As such, the end state envisioned for the post-processor 15 within the ensemble prediction framework is a very simple statistical procedure, ideally nothing more than a white-(but generally heteroskedastic) noise generator, rather than one of increasing complexity and sophistication. The purpose of this work is then to develop a simple, parsimonious and computationally inexpensive statistical procedure, referred to herein as the ESP post-processor, that accounts for hydrologic uncertainties 20 in short-range (1 to 5 days ahead) ESP in order to improve reliability and, to a lesser extent, resolution (Wilks, 1995) of the short-range ESP products. The post-processor is intended for operational use nationally as a basic component in the ensemble prediction system under widely varying conditions of data availability, goodness of the hydrologic models used, and hydroclimatology of the basins. As such, parsimony and 25 robustness are particularly important considerations. The main contributions of this paper to the hydrologic ensemble prediction literature include: a conceptual description of the hydrologic ensemble prediction framework that allows flexible decomposition and accounting of total hydrologic uncertainty for an evolving forecast system such as
Overview of ESP and aggregation of hydrologic uncertainty
The complete ESP process that accounts for all major sources of uncertainty (see Fig. 1 ) amounts to numerically evaluating the probability distribution of the forecast flow at some future times given the observed flow up to and including the current time 5 via the total probability law (Krzysztofowicz, 1999) :
where f i 's denote probability density functions (PDF), and q f , q o and s f denote the predictand, i.e. the streamflow at some future times, the observed flow up to and including the current time, and the model-predicted streamflow at the future times, re-spectively. In writing PDF's, we denote only the experimental values of the random variables for notational brevity in this paper. 
where b f denotes the boundary conditions of precipitation and temperature at the fu-20 ture times, i denotes the model initial conditions, p denotes the model parameters, 1992 keep computational burden in check, and that the uncertainties not explicitly captured by the above ensembles may have be to accounted for in the residual uncertainty W by the post processor. Such a practice, however, is not a departure from the above framework, but a practical compromise given available human and computational resources, data availability and understanding of the uncertainties involved. It is also 10 possible that, for now, explicit accounting of parametric uncertainty may be computationally too expensive to be practical for distributed models (see e.g. Liu et al., 2005) . In such a case, one may deal only with initial condition uncertainty explicitly and account for parametric uncertainty in the residual hydrologic uncertainty W via a statistical post processor within the above framework.
15
Development of the hydrologic uncertainty processors described above requires probabilistic description of the errors from individual sources, P , I and W . In practice, such individual modeling of the errors is very difficult because, very often, very little is known about them a priori (Kuczera and Parent, 1998; Butts et al., 2004; Carpenter and Georgakakos, 2004; Pappenberger et al., 2005; McMichael et al., 2006) . In EGU tion, however, is a major undertaking and well beyond the scope of this work.
Statistical prediction model
The statistical prediction model, q f =η(q o , s f , w), is based on the following recursive linear regression in the normal space: denote the normalized observed flows at time steps k and k+1, respectively, Z s k+1 denotes the normalized model-predicted flow at time step k+1, E k+1 denotes the random error representing the aggregate hydrologic uncertainty at time step k+1 in the normal space, and b denotes the weight given to the normalized model prediction (0≤b≤1). The choice of the above autoregressive-1 model with a single ex-10 ogenous variable, or ARX(1,1) (Box and Jenkins, 1976) , is based on the previous work (Perica et al., 1999) and evaluation of different candidate models (mostly of the ARX class), via parameter estimation and independent validation similar to those described in Sect. 4. The choice of ARX(1,1), which results from the instantaneous stochastic dependence (Maranzano and Krzysztofowicz, 2006) and the a posteriori Markov of order 15 one dependence (Maranzano and Krzysztofowicz, 2006) between the modeled and observed streamflow processes, is also supported by the Bayesian approach (Maranzano and Krzysztofowicz, 2006) based on stochastic modeling of the river stage processes. We also note that the ARX(1,1) model has been in use for years as the noise model in real-time flood forecasting applications, particularly in the form of a Kalman filter (To-20 dini, 2005) . There are, however, additional considerations that went into the choice as explained below. It is expected that DA for state updating (see e.g. Seo et al., 2003) will greatly reduce the need for autoregressive statistical modeling, and that the parametric uncertainty processor will further reduce serial correlation of forecast error at both small and large time lags. Given these prospects, it is very much desirable to 25 develop and implement (assuming of course that the performance is satisfactory) as 1996 simple and parsimonious as possible a statistical post processor so that its parameters may be updated very easily as the forecast system evolves. With Eq. (4), the ensemble traces of the predictand Q f may be generated recursively from q f =η (q o flow to standard normal deviate by matching the empirical cumulative probability of the flow with the standard normal cumulative probability:
where nqt o (·) and nqt s (·) denote the empirical NQT functions for observed and model-20 simulated flows, respectively. The procedure thus combines PM (or quantile mapping in Hashino et al., 2002) with linear regression. If b=1 and E k+1 =0 (i.e. the hydrologic model prediction is perfect in the normal space), the procedure is reduced to PM. If b=0 (i.e. the hydrologic model prediction has no skill), the procedure is reduced to the (purely statistical) autoregressive-1 model (AR (1)) (Bras and Rodriguez-Iturbe, 1985) 25 in the normal space with variable transformation based on NQT. Because we are using empirical, rather than theoretically fitted, cumulative probability distribution functions (CDF), the normal random deviates from Step 3 may not be 1997 1 ω
In the above, Pr [·] denotes the probability of occurrence of the event bracketed, ω is a parameter that controls the fatness of the tail (the smaller ω, the fatter the tail). Sensitivity analysis indicates that the performance of the post-processor is moderately 10 sensitive to ω, and that ω=3.25 is a good choice for all basins studied in this work (see Table 1 ). By rewriting Eq. (4) in terms of E k+1 and minimizing its variance with respect to b, we obtain the following least-squares solution for b in the normal space: post processor in the original space. Our experience strongly indicates that an optimal (in the minimum error variance sense) estimate of b in the normal space produces good performance in the original space in the unconditional mean sense, but rather poor performance in the conditional mean sense, particularly for all-important large streamflows (this tendency, however, is expected to be less pronounced for river stage,
10
owing to smaller skewness in distribution than streamflow). As such, the approach taken in this work is to perform nonlinear optimization of the parameter b numerically in the original space under a multi-objective criterion as described in Sect. 4. In this way, one may ensure satisfactory performance of the post processor not only in the unconditional mean sense but also in the conditional mean sense.
15
Because the correlation structure depends greatly on the magnitude of the streamflow, so does the coefficient b (in the normal as well as in the original space). As such, we stratify the parameter b (and hence m E and σ 2 E ) according to the magnitude of the model-simulated flow as follows:
where the cutoff flow q c (m 3 /s) is chosen to be the median of the historically observed flow based on sensitivity analysis. It is noted here that we tried other, seemingly more sophisticated, models for the dependence of b on q s k+1 , but could not realize noticeable, if at all, improvement in independent validation. The above conditioning of b on the flow regime is a practical but empirical attempt to reflect the observation that 25 disparate stochastic processes are at work in low-and high-flow situations in modeling of hydrologic uncertainty. Further research is needed for flow regime-dependent modeling of residual hydrologic error that draws from understanding of the underlying 1999 model, the bivariate AR(1) model (Bras and Rodriguez-Iturbe, 1985; Seo et al., 2000) being an obvious candidate. Our experience, however, indicates that the use of a multivariate time series model with NQT is rather tricky because, whereas the model parameters estimated in the normal space may be optimal with respect to the normal quantile-transformed flow (i.e. in the minimum error variance sense), they are generally 15 very poor estimates with respect to large flows in the original space.
Parameter estimation and validation
The post-processor described above has only one free parameter, the coefficient b in Eq. (4), as stratified according to Eq. (9). To estimate, we minimize the following objective function:
where q o k denotes the observed flow at the k-th time step, q p k denotes the conditional mean of the observed flow at the k-th time step given the observed and model-simulated flows at the (k-1)st and k-th time steps, respectively, Eq. 10) , n denotes the total number of data points, α denotes the weight given to the first term, and (·) ord denotes that the variable superscripted is sorted in the ascending order of magnitude. The first term in Eq. (10) is the mean square error of the ensemble mean prediction from the post-processor. The second term in Eq. (10) is the mean square deviation from the 45 • line in the 5 quantile-quantile plot between the observed and the ensemble mean-predicted flows. The purpose of the second term is to render the marginal PDF of the predictand close to that of the observed (cf PM). With the second term in the objective function, the role of the first term is primarily that of maximizing the cross correlation between the predictand and the observed flow. Eq. (10) thus forces the bivariate distribution of the 10 post-processed ensemble mean and the observed flows to tighten symmetrically along the 45
• line. In this work, the weight α in Eq. (9) is specified empirically based on sensitivity analysis. Our experience suggests that α≈0.1 is a reasonable choice for all cases studied in this work. Because α balances the two, often competing, objectives of minimizing unconditional error variance and reducing conditional bias, some trial and error 15 may usually be necessary. To that end, further research is needed to determine the weight objectively and to provide the user with objective guidance for its specification. The predictand, q p k , in Eq. (10) is evaluated by:
where nqt 
. Because we are using empirical functions for nqt o (·), closed-form evaluation of the theoretical ensemble statistics, such as the right-hand side of Eq. (10), is not possible. In this work, we evaluate them quasi-analytically via piecewise approximation of nqt 
Deterministic results
In the deterministic sense, the primary purpose of the post-processor is to remove or reduce systematic biases in the model-predicted flow. As such, a viable post-processor should produce a prediction that is in general better than or at least as good as the model prediction in the deterministic sense. To verify this, we evaluate the quality 20 of the ensemble mean prediction from the post-processor as obtained from Eq. (10). Figures 4 and 5 show the ratio of the sum of the observed flow to that of the postprocessor (PP)-predicted flow (denoted as RATIO) and the percent reduction in the root mean square error (RMSE) by the PP-predicted flow over the model-predicted, respectively. All results shown in Figs. 4 and 5 are from the parameter estimation pe-this paper represent the post-processor's performance under very stringent conditions where, once the parameters are estimated from a daily streamflow record of about 20 years, the post-processor is run continuously for about 20 years thereafter, without ever updating the parameters. With parameter updating in the real world, it is likely that the performance would be significantly better than seen in these two figures. Compared 10 to the results from the parameter estimation periods (Figs. 4 and 5), significant deterioration in the post-processor's performance is seen in the validation periods. Figure 7 shows that, though the RATIO of the PP-predicted flow does spread around the line of unity, the volume bias in the PP-predicted flow can exceed 10 percent in the worst case (HUNP1). Figure 8 indicates that, while the pattern of reduction in RMSE in the 15 validation periods is similar to that in the parameter estimation (see Fig. 5 ), the magnitude of reduction is significantly smaller (due in large part to the increased bias). In Fig. 7 , by far the largest departure in RATIO from the line of unity is at HUNP1. Given that the deterioration of the performance in the validation periods must come from the uncertainty in the post-processor parameters, it is suspected that the ECDF's used in tribute negatively to the score (Wilks, 1995) . At high thresholds, reliability diagrams are subject to significant sampling errors due to small sample size. Such diagrams are characterized by jagged or saw tooth-like lines (cf. Fig. 12 ) and must be interpreted with caution.
Figures 10 through 12 indicate that, if the parameters are known accurately, the 10 post-processed ensemble traces are extremely reliable at all thresholds and at all lead times. Also shown in the lower-right corner of the reliability diagram are the histograms of the predicted probability, where the solid and dotted lines denote the day-1 and -5 predictions, respectively. A "U"-shaped histogram indicates high sharpness in the probabilistic prediction (Wilks, 1995) . That is, the prediction is able to "stick its neck out"
15
and differ from climatology (Jolliffe and Stephenson 2002) . A flat histogram, on the other hand, indicates little sharpness in that the prediction differs little from climatology. Note in Fig. 10 that the histogram of the 1 day-ahead PP-prediction at the median flow is characterized by a deeper "U" than that of the 5-day ahead prediction, an indication that the 1 day-head prediction is significantly sharper at this threshold. The 20 histograms at higher thresholds (see Figs. 11 and 12) , on the other hand, do not differ very much between 1 and 5 day-ahead predictions. The above observations indicate that the improvement in skill of the PP-prediction comes largely from low-flow ranges, in agreement with the observations made from the scatter-plots in Fig. 6 . Figures 13 through 15 are the same as Figs. 10 through 12 but for the two validation and 0.975, the two ECDF's of observed flow differ significantly, resulting in large departures in the reliability diagrams at these thresholds. At the exceedance probability level of 0.85, on the other hand, the ECDF's are close to each other, resulting in only a small departure. Thus, as in the deterministic case (see Subsect. 5.1), the magnitude of long-term variability in the ECDF's of observed flow at various ranges is seen as 15 a good indicator of the accuracy of the PP-predicted probability at the corresponding thresholds. Figures 13 through 15 indicate that, even with a 20-yr record (but with no parameter updating), the ECDF of observed flow is subject to significant uncertainties due to natural variability of streamflow, and that these uncertainties may result in significant errors in the PP-predicted probability.
20

Value of probabilistic prediction
While the magnitude of the errors in the predicted probability may be assessed through the reliability diagrams as described above, it is difficult to gauge the impact of such errors on the value of probabilistic prediction for decision making. For that purpose, we examine below the Relative Operating Characteristic (ROC, Jolliffe and Stephen-25 son, 2003) of the post-processed ensemble traces. The ROC plots the hit rate (HT) against the false alarm rate (FAR) at various levels of predicted probability. The ROC curve of a perfect probabilistic prediction connects the points, (0,0), (0,1) and (1,1), 2008 EGU on the (HT,FAR) plane, and that of a worthless prediction connects (0,0) and (1,1). It is important to point out that the ROC measures only of discrimination ability of the set of forecasts, i.e. the degree to which the forecasts differ for a specific observation (Bradley et al., 2004) , and does not rely on the forecasts being well calibrated (i.e., reliable) (Glahn, 2004) . As such, the ROC curve measures performance only in dis-crimination, and not in reliability, in the post-processed ensemble traces. Figures 16 through 18 show the ROC curves for the probabilistic prediction based on the post-processed ensemble traces at HUNP1 at the thresholds of 50th-, 85th-and 97.5th-percentile flows, respectively. The results for other basins are qualitatively similar and are not shown. In each figure, the thick and thin solid lines denote the 10 ROC curves of the post-processed ensemble traces in the validation and parameter estimation periods, respectively. The area enclosed by the ROC curve and the diagonal line is referred to as the ROC area, which is considered a proxy for the economic value of the prediction (Zhu et al., 2002) . Also shown in the figure are the (HT,FAR) positions of the deterministic, or single-value, model prediction (denoted by squares) Introduction
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Interactive Discussion EGU decision making, as measured by the ROC, is only modest at all thresholds. Compared to the deterministic predictions, the probabilistic prediction based on the postprocessed ensemble traces significantly increases the value of prediction at all thresholds. In the deterministic sense, the ensemble mean prediction from the post-processor is significantly better than the (raw) model prediction at the low threshold of median 5 flow. At the medium and high thresholds of 85th-and 97.5th-percentile flows, the ensemble mean prediction is comparable to the model prediction. Lastly, it is worth noting that the ROC at the high threshold of 97.5th-percentile flow (Fig. 18 ) is very similar, both qualitatively and quantitatively, to the ROC of the multi-model ensemble at the floodflow threshold (see Fig. 15 of Georgakakos et al., 2003) from the Distributed Model
Intercomparison Project (DMIP, Smith et al., 2004) . The similarity between the two hints that post-processed ensemble traces from a single "high-quality" model may be of comparable value for decision making to a multi-model ensemble of varying quality.
Summary, conclusions and future research recommendations
A statistical post-processing procedure has been developed to account for hydrologic 15 uncertainty in short-range (1-to 5-days ahead) ensemble streamflow prediction (ESP). The procedure, referred to as the ESP post-processor, combines probability matching and recursive linear regression to generate ensemble traces of daily streamflow that reflect both the meteorological and hydrologic uncertainties from those that reflect only the meteorological uncertainty. The hydrologic uncertainties considered are para-20 metric and structural uncertainties in the hydrologic models and the uncertainty in the model initial conditions. The procedure has only one free parameter that needs to be estimated via optimization. All other parameters, including the empirical cumulative distribution functions (ECDF) of observed and simulated flows, are estimated directly from the data. For a critical evaluation of the post-processor, independent validation
EGU
The results indicate that the post-processor is fully capable of producing ensemble traces that are unbiased in the mean and in the probabilistic sense. Due primarily to the uncertainties in the cumulative probability distributions functions (CDF) of observed and simulated flows, however, the unbiasedness may be compromised to a varying degree in real world situations. It is shown that, with the parameters estimated from a 5 20-yr record, the post-processor generally improves the accuracy of the model prediction in the mean sense, the improvement being most significant for low flows. The worst case results based on the parameters estimated from a 20-yr record indicate that the ensemble mean prediction from the post-processor may be in error by up to 10 percent, and that the post-processor-predicted probabilities may be in error by up 10 to 30, 10 and 20 percent for median, 85th-and 97.5th-percentile flows, respectively. It is also shown, however, that the uncertainties in the CDF's do not significantly diminish the value of post-processed ensemble traces for decision making, and that probabilistic prediction based on post-processed ensemble traces significantly improves the value of deterministic model prediction at all ranges of flow. In real world situations where 15 the parameters may be updated as necessary (e.g. annually), it is expected that the performance of the post processor would be significantly better than the independent validation results seen in this paper.
The evaluation of probabilistic prediction carried out in this work is limited to dealing with hydrologic uncertainty only. To assess the integrated effects of combined uncer-20 tainty, it is necessary to extend the scope of evaluation to include both meteorological and hydrologic uncertainties. In this work, the uncertainty in the initial conditions of the hydrologic models is reduced implicitly by the inclusion of observed flow in the statistical prediction model (see Eq. 4). Being purely statistical, such an approach is of limited effectiveness. State updating or DA that explicitly addresses uncertainty in the model 25 initial conditions (see e.g. Refsgaard, 1998; Sperflage and Georgakakos, 1996; Seo et al., 2003) should be incorporated to reduce the aggregate hydrologic uncertainty and to simplify statistical modeling. Finally, the significant sensitivity seen in this work of the post-processor's performance to long-term variability in the probability distribution Table 1 ) of the Juniata River, PA, USA. 
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